Abstract
High Glucose Promotes Tumor Invasion and Increases Metastasis-Associated Protein Expression in Human Lung
an anti-tumor effect [12] . Interestingly, several lines of clinical evidence have demonstrated that the plasma HO-1 concentration is elevated in individuals with type 2 diabetes mellitus [34] and that lung cancer with diabetes mellitus has a negative prognosis [5, 10] . Moreover, HG induces ROS production and increases HO-1 expression in retinal endothelial cells [35] .
Therefore, we investigated whether HG enhanced the tumor invasiveness capacity and increased metastasis-associated protein expression in A549 cells and determined the role of the HO-1 protein in these processes. Tumor metastasis is a complicated pathological process that may involve many factors. The matrix metalloproteinase (MMP) family and cluster of differentiation 147 (CD147) have important roles in the processes of tumor invasion and metastasis. MMP-9, which is a member of the MMP family, is involved in breakdown of the extracellular matrix (ECM), which promotes tumor invasion and metastasis. CD147 is a highly glycosylated transmembrane protein that regulates many protein families and that affects tumor invasiveness and metastasis [12, 36, 37] . MMP-9 and CD147 expression is associated with the malignant potential of pancreatic cancer cells [38] , NSCLC cells [12] bladder cancer cells [13] and breast cancer cells [39] . Several lines of evidence have indicated that HO-1 induces tumor invasiveness and metastasis by regulating these metastasis-associated proteins [18, 40] . HO-1 appears to regulate the expression of MMP-9 in NSCLC cells, which further enhances affects CD147 and MMP-9 expression in other cell types [41, 42] . However, the association between HG and CD147 or MMP-9 expression in human lung epithelial cells has not yet been established.
In this study, we investigated the effects of HG on HO-1 expression and determined the role of HO-1 in HG-enhanced tumor invasiveness capacity in human lung epithelial cells. We reported that HG increased HO-1 expression and enzymatic activity, which were mediated by the HG-induced generation of ROS and 1 1 ). Additionally, HO-1 knockdown attenuated the HG-enhanced tumor invasiveness capacity and decreased metastasis-associated protein expression.
Materials and Methods

Cell culture
maintained under NG conditions, or in 25 mM glucose (hyperglycemic; HG), or in 25 mM D-Mannitol 1 (kindly presented as a gift donated by Dr. Liu T). All cells were 2 incubator.
Transfection of HO-1 siRNA in vitro
homologous to the target mRNA (AAC TTT CAG AAG GGC CAG GTG) was used to silence HO-1 expression. A negative control (NC) siRNA (GTT CTC CGA ACG TGT CAC GTA) was designed and synthesized using computer software (Invitrogen, USA).The cells were transiently transfected with HO-1 siRNA using X-treme Gene siRNA Transfection Reagent (Roche, Germany) according to the manufacturer's instructions. After 2 for 10 h, the culture solution was replaced, and the cells were further incubated for 48-72 h.
Quantitative real-time PCR
RT-PCR was performed using standard methods as described previously. The primer sequences used to amplify HO-1 were as follows: HO-1 GAPDH with the expression levels indicated by values of 2 . Invasiveness was analyzed using a Transwell chamber (sc-3422) according to the manufacturer's instructions. A549 cells were pretreated as indicated in our experiments, then suspended in serum-free medium, and seeded in the upper chamber (2×10 4 
Measurement of intracellular ROS
Statistical analysis
The data are presented as the mean±SEM, with the number (n) of experiments indicated. Statistical analyses were performed using the unpaired t-test (SPSS 16.0 software). Graphs were prepared using Adobe Photoshop software or plotted in GraphPad Prism 5 software (GraphPad Software, Inc.). p<0.05 was consistent with the results of previous studies [30, 31] . We examined the effects of exogenous H 2 O 2 increased HO-1 expression. H 2 O 2 treatment recapitulated the HG response and increased ROS generation, which increased HO-1 expression. Migration and invasion have important roles in the ability of cancer cells to form metastases. We investigated the effect of HG on the invasion and migration potential of A549 cells using Transwell chambers. HG treatment for 48 h enhanced the cell invasion 8A). We also evaluated the effect of ROS inhibition on HG-induced A549 cell invasiveness. Taken together, these data indicate that HO-1 mediated the HG-induced increase in cell invasion.
We assessed the effect of HG on the expression of the metastasis-associated proteins 8B, HG treatment for 48 h increased the expression of CD147 and MMP-9 compared with that of the NG group. However, after HO-1 knockdown, the expression of CD147 and MMP-9 also decreased; a previous study described similar results in A549 cells [12] . Thus, these results strongly suggested that HO-1 mediated HG-induced metastasis-associated protein expression.
Discussion
In recent years, diabetes mellitus has been suggested to be a negative prognostic factor for lung cancer [5, 10] . One potential mechanism for this correlation is that hyperglycemia 1 /PI3K/Akt signaling pathway, which mediated tumor cell invasion and metastasis-associated protein expression, and indicated that HO-1 may serve as a potential therapeutic target in lung cancer. This result is also supported by previous reports [11-12, 35, 44, 45] . endothelial cells [35] . A possible mechanism for increasing HO-1 protein expression is the increased generation of ROS, which are generated in response to hyperglycemia [8, 46] . In A549 cells, as in other types of cells [47, 48] , HO-1 can be activated by ROS [49] . Moreover, growing evidence has indicated that HG can induce ROS generation in heterologous cell lines [35, 50] . Our results also demonstrated that HG induced ROS generation in A549 cells, and and attenuated the HG-induced increased expression of the HO-1 protein. H 2 O 2 treatment also increased HO-1 protein levels. Several similar studies have been described in other cell types [50] [51] [52] . However, several possible mechanisms most likely exist for HG-induced ROS generation, which mediated the up-regulation of HO-1 expression. These possible mechanisms include glucose autoxidation, polyol pathway stimulation, protein kinase C-dependent NADPH oxidase activation, and advanced glycation end product production [53] [54] [55] . In this study, we did not investigate which of these possible mechanisms was responsible for the HG-induced up-regulation of HO-1 expression in A549 cells and awaited further investigation. In addition, we found that the PI3K/Akt signaling pathway had a role in the HG-induced up-regulation of HO-1 expression in this study through 1 , which, unexpectedly, was independent of ROS.
regulated HO-1 expression via the PI3K/Akt signaling pathway [43] . However, our results are [12] . In our study, we investigated cellular invasion and the role of HO-1 using a Transwell chamber, and the results demonstrated that HG enhanced the capacity of A549 cell invasiveness. Similar studies have been described in A549 cells, pancreatic cancer cells and the report that HG levels contribute to tumor formation and progression in A549 cells [7] . However, this invasiveness potential was deterred by HO-1 knockdown, which suggested was consistent with prior studies that reported that HO-1 mediated cell invasion and migration in A459 cells [12] and in other types of tumor cells [61] . However, several reports have suggested that HO-1 overexpression suppresses angiogenesis and tumor invasion [39, 62] . This discrepancy may be due to the dual effect of HO-1 on tumor invasion depending on discrepancy in the present study. We investigate the effect of HG on metastasis-associated protein (CD147 and MMP-9) expression and the role of HO-1 to further delineate the role of HO-1 in HG-induced tumor metastasis. Several previous studies have indicated that expression levels of CD147 and MMP-9 are positively associated with HO-1 expression in NSCLC or other types of tumors and are associated with tumor metastasis and with poor clinical outcome [12] . In this study, we reported that HG treatment induced an increase in CD147 and MMP-9 expression was and that this increase was decreased by HO-1 knockdown expression levels, thereby lending credence to previous reports indicating the involvement of HO-1 in CD147 and MMP-9 expression in A459 cells [12] and in other tumor cells [13, 39] . Based on our results, we propose that HG increases metastasis-associated protein (CD147 and MMP-9) expression by up-regulating HO-1 expression, which may promote tumor metastasis.
In summary, our results demonstrated that HG increased HO-1 expression and 1 / PI3K/Akt signaling pathway in A549 human lung epithelial cells and that HO-1 expression and enzymatic activity mediated tumor invasion and metastasis-associated protein expression. The pharmacological inhibition of HO-1 expression and the knockdown of HO-1 effectively inhibited the tumor invasion potential and metastasis-associated protein expression. This inhibition may become a powerful therapeutic strategy against lung cancer in patients with diabetes mellitus.
